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Abstract
Background: Changes in cardiac power parameters incorporate changes in both aortic flow and blood pressure.
We hypothesized that dynamic and non-dynamic cardiac power parameters would track hypovolemia better than
equivalent flow- and pressure parameters, both during spontaneous breathing and non-invasive positive pressure
ventilation (NPPV).
Methods: Fourteen healthy volunteers underwent lower body negative pressure (LBNP) of 0, −20, −40, −60
and −80 mmHg to simulate hypovolemia, both during spontaneous breathing and during NPPV. We recorded
aortic flow using suprasternal ultrasound Doppler and blood pressure using Finometer, and calculated dynamic and
non-dynamic parameters of cardiac power, flow and blood pressure. These were assessed on their association with
LBNP-levels.
Results: Respiratory variation in peak aortic flow was the dynamic parameter most affected during spontaneous
breathing increasing 103 % (p < 0.001) from baseline to LBNP −80 mmHg. Respiratory variation in pulse pressure was
the most affected dynamic parameter during NPPV, increasing 119 % (p < 0.001) from baseline to LBNP −80 mmHg.
The cardiac power integral was the most affected non-dynamic parameter falling 59 % (p < 0.001) from baseline to
LBNP −80 mmHg during spontaneous breathing, and 68 % (p < 0.001) during NPPV.
Conclusions: Dynamic cardiac power parameters were not better than dynamic flow- and pressure parameters at
tracking hypovolemia, seemingly due to previously unknown variation in peripheral vascular resistance matching
respiratory changes in hemodynamics. Of non-dynamic parameters, the power parameters track hypovolemia slightly
better than equivalent flow parameters, and far better than equivalent pressure parameters.
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Background
Detecting hypovolemia and predicting fluid responsive-
ness remain difficult tasks in emergency medicine, inten-
sive care and the operating theatre [1–5], particularly
during spontaneous breathing [6, 7]. Both over- and
underestimating the need for fluid resuscitation could
have devastating effects. Cardiac power (PWR), mea-
sured in Watts, is calculated as the continuous product
of aortic pressure and aortic flow. As a consequence re-
ductions in both pressure and flow due to hypovolemia
will be incorporated in cardiac power, which theoretic-
ally should make cardiac power parameters able to
track hypovolemia better than the two factors separ-
ately. We are developing a minimally invasive system
for beat-by-beat measurement of cardiac power [8],
soon ready for clinical research regarding possible ap-
plications including detection of hypovolemia. In this
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study we have analyzed previously recorded data from
healthy volunteers using a laboratory system [9] with
lower body negative pressure (LBNP) to simulate hypovol-
emia [10], to consider the potential use of cardiac power
parameters in hemodynamically unstable patients.
The cardiac power parameters we chose to study were
maximal cardiac power (PWRmax), the cardiac power in-
tegral (PWR-integral), and cardiac power output (CPO).
PWRmax is the maximal value of cardiac power in each
cardiac cycle. The PWR-integral represents the total en-
ergy measured in Joules transferred from the heart to
the aorta per heartbeat, and is calculated as the area
under the cardiac power curve per cardiac cycle. CPO
represents mean cardiac power in Watts, excluding the
oscillatory (also known as pulsatile) power consumed by
the pulsatile movement of blood [11]. It is is calculated
as CPO =MAP * CO/451, where MAP is mean arterial
pressure in mmHg, and CO is cardiac output in l/min.
We wanted to compare cardiac power parameters to
equivalent pressure- and flow parameters. We have made
a distinction between dynamic and non-dynamic parame-
ters. By dynamic parameters we refer to changes in
hemodynamic measures in response to a defined perturb-
ation [12, 13]. In this study it denotes respiratory variation
in hemodynamic variables. By non-dynamic parameters
we refer to selected standard hemodynamic measures
such as cardiac output (CO), stroke volume (SV), peak
aortic flow, and mean arterial pressure (MAP).
As mentioned, since cardiac power is a function of
both blood pressure and blood flow, one could expect
cardiac power parameters to be more affected by hypovol-
emia than each of the two factors separately. However,
changes in the shape and phase of the pressure and flow
curve as a result of hypovolemia could affect the impact
on power parameters, necessitating this study. We chose
to investigate the power parameters both during spontan-
eous breathing and non-invasive positive pressure ventila-
tion (NPPV). During spontaneous breathing respiratory
variation in blood pressure and aortic flow have insuffi-
cient sensitivity for detecting hypovolemia, but power pa-
rameters may be more affected as a result of incorporating
respiratory variation in both flow and pressure. During
non-invasive positive pressure ventilation (NPPV) respira-
tory variation in pulse pressure has previously shown
significant results [9], respiratory variation in power pa-
rameters may however track hypovolemia even better.
Our first hypothesis regarding dynamic parameters
was that respiratory variations in cardiac power parame-
ters would incorporate respiratory variations in pressure
and flow, and therefore track hypovolemia better than
respiratory variations in stroke volume (Δ SV) and pulse
pressure (Δ PP) [14–17]. Our second hypothesis was
that non-dynamic parameters of cardiac power would
track hypovolemia better than existing non-dynamic
parameters, in particular SV, which has shown the best
ability to track hypovolemia in previous studies [9]. Both
hypotheses were tested during spontaneous breathing and
during non-invasive positive pressure ventilation (NPPV).
Methods
Approval to reanalyze existing data was given by the
Norwegian Regional Ethics Committee South East (REK
sør-øst 2015/432). Approval of the original experiment
was given in 2009 (REK sør-øst 2009/2180). The para-
graphs “Subject inclusion”, “Experimental protocol” and
“Data acquisition” below describe the original experi-
ment, while the remaining paragraphs in the methods
section describe the analysis specifically for this study.
Subject inclusion
Written informed consent to participate and allow publi-
cation of results was obtained from 14 healthy volun-
teers (7 male, 7 female, aged 28 ± 7 years, height 177 ±
10 cm, and weight 71 ± 13 kg (mean ± SD)), from which
13 completed sufficient of the protocol to be included in
analysis. The subjects were instructed to refrain from al-
cohol or caffeinated drinks 24 h prior to participation.
Pregnant women and subjects using cardiovascular
medication were not included. The number of subjects
was chosen based on similar LBNP studies investigating
other hemodynamic parameters.
Experimental protocol
Subjects were in the supine position during the experi-
ments, which were performed in room temperature.
LBNP was applied by a custom made LBNP chamber
previously described [18], and induced by stepwise suc-
tion of air out of the chamber. After baseline measure-
ments, subjects underwent consecutive LBNP-pressures
of −20, −40, −60, and −80 mmHg. Each level was kept
for 4.5 min. After a minimum of 15 min rest, the pro-
cedure was repeated with NPPV. NPPV was applied via
a face mask connected to a Dräger Evita 4 ventilator
(Dräger Medizintechnik GmbH, Lübeck, Germany) in
volume control mode with, tidal volume 10 mL/kg ideal
weight, positive end-expiratory pressure (PEEP) = 0 cm
H2O, fraction of inspired oxygen 0.21, and respiratory
frequency of 10–12/min. Volume control mode with
intermittent positive pressure ventilation (IPPV) was
chosen because it minimized spontaneous breathing ac-
tivity and improved compliance with the ventilator. See
also “Limitations of the study”. Spontaneous breathing
and mask leakage were further minimized by thorough
mask adjustment and by ensuring compliance with the
ventilation mode before data recordings. The protocol
was discontinued if one of the following events occurred:
systolic blood pressure (SBP) <70 mmHg, a sudden
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decrease in SBP ≥15 mmHg, a decrease in heart rate
(HR) ≥15 beats/min, dizziness, sweating, or nausea.
Data acquisition
Data were recorded over the total duration of each
LBNP-level. Data from all completed LBNP-levels are in-
cluded in the analysis. At each LBNP-level calculations
were made from data sampled over 10 consecutive re-
spiratory cycles without arrhythmia. Respiratory move-
ments were recorded with a custom-made air flowmeter.
Continuous arterial pressure was obtained noninvasively
at heart level from the left third finger (Finometer,
FMS Finometer Medical Systems BV, Amsterdam, The
Netherlands). Aortic flow was obtained continuously
with suprasternal Doppler (SD-100, GE Vingmed
Ultrasound, Horten, Norway) by an experienced oper-
ator. An angle of 20 o and a diameter of the aortic
valve of 20 mm were assumed in the calculation of SV
from the velocity-time integrals. The assumption of
20 mm should be appropriate in healthy volunteers
[19], and assuming a fairly constant diameter in each
individual [20] relative changes in aortic flow and
therefore cardiac power due to LBNP will be uncov-
ered regardless of the error this diameter estimate in-
troduces. Heart rate (HR) was obtained from a
standard 3-lead electrocardiogram (ECG). All signals
were sampled at 300 Hz. The setup and calculation of
cardiac power is illustrated in Fig. 1.
Data analysis
All data analysis was performed using Matlab (R2013a,
MathWorks, Natick, MA, USA). The cardiac power
trace was calculated by multiplying aortic flow trace
from the suprasternal Doppler with continuous arterial
pressure trace from the left third finger, using a transfer
function which corrected the time delay of the periph-
eral pressure compared with aortic flow by synchroniz-
ing the systolic upstroke of the two signals. This shifted
the pressure curve approximately 5 milliseconds.
Ten consecutive respiratory cycles and the corre-
sponding hemodynamic data were identified and stored
for each subject in each LBNP condition, for spontan-
eous breathing and NPPV independently. The aortic
flow and peripheral pressure curves were extracted for
these intervals of ten respiratory cycles, and a cardiac
power curve was calculated as the product of the flow
and pressure curve. PWRmax was calculated as the max-
imal value of cardiac power in each cardiac cycle. The
PWR-integral was calculated as the time integral of the
power curve in each cardiac cycle, graphically repre-
sented as the area under the cardiac power curve in one
cardiac cycle. Cardiac Power Output (CPO) was calcu-
lated as SV x HR x MAP/451 [21].
All the non-dynamic parameters were calculated per
cardiac cycle, and then averaged over one respiratory
cycle to create one data point. The dynamic parame-
ters were calculated as the difference between the
maximal and minimal value of each hemodynamic
parameter within one respiratory cycle, divided by
their mean value, thus representing the respiratory
variations [22]. Consequently, each respiratory cycle
gave one data point both for the dynamic and the
non-dynamic parameters.
Statistical analysis
Statistical calculations were performed in SPSS ver 20
(SPSS Inc, Chicago, IL, USA). Mean and standard devi-
ation of each hemodynamic parameter was calculated
for each level of LBNP, for NPPV and spontaneous
breathing separately. To determine if the change in the
hemodynamic parameter at each level of LBNP was sig-
nificant compared to the baseline value, the data were
analyzed in a linear mixed model with LBNP as a fixed
factor and subject as a random factor. This was done for
NPPV and spontaneous breathing separately. The linear
mixed model was used to maximize statistical power by
utilizing all data despite missing observations following
the premature termination of the LBNP-protocol in
some subjects and to account for the dependency of ob-
servations within subjects. Where the change in the
hemodynamic parameter was significant at a level of p <
0.05, the change in percentage from the baseline value
was calculated.
Impedance analysis
A finding of a phase difference between respiratory vari-
ation in pressure and flow described in “Discussion”
prompted an impedance analysis, which was not part
of the original study. Arterial impedance is a fre-
quency dependent analysis of the opposition to blood
flow, which provides a more complex and complete
assessment of the relation between blood flow and
pressure than when using peripheral resistance alone
[23]. Particularly interesting for our study, impedance
analysis can determine components of vascular resist-
ance arising from peripheral and proximal vascula-
ture separately.
The concept of impedance analysis is well described
in specific textbooks on hemodynamics [11, 24]. Our
approach used the fast Fourier transform function
(fft) in Matlab to deconstruct the pressure and flow
signal of each cardiac cycle into fundamental sine
waves, as illustrated in Fig. 2. These sine waves were
used to calculate the sine waves of the arterial imped-
ance during each cardiac cycle, described by their am-
plitudes |Zn| and phase angles ϕn. Lower harmonics,
that is lower values of n, correspond to lower
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frequencies and therefore impedance arising from dis-
tal vasculature, while the higher harmonics arise from
proximal vasculature [11, 24, 25]. We then graphically
evaluated how these impedance amplitudes varied
through the respiratory cycle.
Results
Dynamic parameters
During spontaneous breathing the dynamic parameters
that were most affected by LBNP were respiratory varia-
tions in maximal aortic flow (Δ peak aortic flow) and
Fig. 1 Illustration of setup and cardiac power calculation. Top image depicts the setup with the GE Vingmed SD-100 Doppler monitor (A), the
Finometer blood pressure monitor (B), the Dräger Evita 4 ventilator (C) and the in-house LBNP chamber (D). The traces from the suprasternal
Doppler flow and the Finometer blood pressure measurement were recorded by in-house software, and used as basis for calculation of a cardiac
power trace (PWR) in Matlab
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PWRmax (Δ PWRmax). As presented in Table 1 and Fig. 3,
Δ peak aortic flow increased by 103 % (p < 0.001), and Δ
PWRmax increased by 91 % (p < 0.001) from baseline to
LBNP 80 mmHg. The increase in Δ peak aortic flow and
Δ PWRmax was significant at all levels of LBNP to a p-
value < 0.05. Δ PWR-integral, Δ SV, Δ SBP and Δ PP had
smaller changes associated with LBNP, details are pre-
sented in Table 1 and Fig. 3.
During NPPV the dynamic parameter that was most
affected by LBNP was Δ PP, increasing by 119 % at
LBNP 80 mmHg compared to baseline. The increase in
Δ PP was significant at LBNP 40 mmHg with a p-value
< 0.05, and at LBNP 60 mmHg and 80 mmHg with a p-
value < 0.001. Δ PWRmax, Δ PWR-integral, Δ peak aortic
flow, Δ SV and Δ SBP were less affected by LBNP, details
are presented in Table 1 and Fig. 4.
Non-dynamic parameters
During spontaneous breathing the PWR-integral was the
non-dynamic parameter most affected by LBNP, with a
59 % reduction from baseline to LBNP 80 mmHg, while
SV had a 55 % reduction. The reductions in the PWR-
integral and SV compared to baseline were significant to
p < 0.001 at all levels of LBNP. Reductions in PWRmax,
CPO, peak aortic flow, CO, SBP, PP and MAP were
smaller and less significant, details are presented in
Table 2 and Fig. 5.
During NPPV the non-dynamic parameters most af-
fected by LBNP were the PWR-integral and SV, as in
spontaneous breathing. The PWR-integral was reduced
by 68 % (p < 0.001) from baseline to LBNP 80 mmHg,
while SV was reduced by 61 % (p < 0.001). Details are
presented in Table 2 and Fig. 6.
Discussion
The main finding in this study was that dynamic cardiac
power parameters somewhat surprisingly were less able
to track hypovolemia than equivalent dynamic flow- and
pressure parameters both during spontaneous ventilation
and during NPPV. The PWR-integral was the best non-
dynamic parameter both during spontaneous breathing
and during NPPV. However, SV tracked hypovolemia al-
most as well as the PWR-integral.
Dynamic parameters
The first hypothesis, that respiratory variations in PWR
parameters would be stronger than respiratory variations
in flow- and pressure parameters, is not in agreement
with our observations. The reason seems to be that re-
spiratory variations in flow and pressure are out of
phase, as illustrated in Fig. 7. Respiratory variation in
Fig. 2 Illustration of impedance analysis by Fourier transformation. Pressure and flow from the aorta are converted into a series of sine waves
using Fourier transformation. For each harmonic the corresponding waves of pressure and flow are related to calculate an amplitude and phase
angle of each harmonic of the impedance. Only the first five harmonics are included in the figure for illustative purposes
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flow seems to be 2–3 cardiac cycles ahead of pressure
variation, which would lead to these variations partially
cancelling each other out when pressure and flow are
combined to calculate the PWR trace. This observation
is consistent across individuals and LBNP-levels, and
likely explains why Δ PWRmax and Δ PWR-integral did
not follow LBNP-levels better.
The finding that respiratory variation in flow lags re-
spiratory variation in pressure by 2–3 cardiac cycles in-
dicates cyclic changes in impedance, the vascular
opposition to blood flow. We retrospectively performed
an impedance analysis by Fourier transformation [23, 24,
26] using Matlab, to see which part or parts of the vas-
cular system was responsible for these cyclic changes.
The systemic vascular resistance (SVR), also described
as Z0, and the first impedance harmonic amplitude |Z1|
[23] showed signs of cyclic changes following respiration
in several of the research subjects, indicating cyclic
changes in the peripheral vascular resistance matching
respiratory variation in hemodynamic parameters. The
characteristic impedance amplitude Zc and f0, the fre-
quency where the impedance phase first crosses 0 [23],
did not follow the respiratory cycle, indicating that im-
pedance of the proximal vasculature and reflections did
not play a part in the cyclic changes of the total imped-
ance. These findings were however not convincing in all
subjects, typically the subjects who cooperated best with
the ventilator showed these signs most clearly. In the
Table 1 Dynamic parameters. Changes in respiratory variation in power, flow and pressure parameters, both during spontaneous
breathing and NPPV
Power parameters, dynamic
Delta PWRmax (*10-2) Delta PWR-integral (*10-2)
Spontaneous breathing NPPV Spontaneous breathing NPPV
Mean (sd) Change Mean (sd) Change Mean (sd) Change Mean (sd) Change
Baseline 11.3 (7.0) 16.4 (7.6) 18.3 (8.9) 20.8
20 mmHg *14.3 (11.6) +27 % 16.2 (6.9) 19.7 (17.6) 20.3
40 mmHg **16.3 (9.4) +44 % 16.4 (7.7) 21.6 (13.7) *26 (15.4) +25 %
60 mmHg *15.7 (8.9) +39 % **20.6 (9.0) +26 % 22.8 (12.3) *25.9 (14) +25 %
80 mmHg **21.6 (11.8) +91 % **27.1 (9.7) +65 % **30.7 (23.2) +68 % **39.9 (22.2) +92 %
Flow parameters, dynamic
Delta peak aortic flow (*10-2) Delta stroke volume (*10-2)
Spontaneous breathing NPPV Spontaneous breathing NPPV
Mean (sd) Change Mean (sd) Change Mean (sd) Change Mean (sd) Change
Baseline 8.9 (6.0) 14 (7.2) 15.8 (7.8) 20.1 (11.7)
20 mmHg **12.3 (9.0) +38 % 14.5 (7.3) 17.4 (17.1) 19.2 (11.4)
40 mmHg **14.6 (9.2) +64 % 14.6 (7.3) 20.4 (14.9) *25.3 (16.6) +26 %
60 mmHg **13 (7.6) +46 % 15.4 (8.3) *22.5 (14.6) +42 % *25.9 (14.0) +29 %
80 mmHg **18.1 (10.7) +103 % **20.3 (7.9) +45 % **30.4 (23.3) +92 % **40.6 (23.7) +102 %
Pressure parameters, dynamic
Delta systolic pressure (*10-2) Delta pulse pressure (*10-2)
Spontaneous breathing NPPV Spontaneous breathing NPPV
Mean (sd) Change Mean (sd) Change Mean (sd) Change Mean (sd) Change
Baseline 3.8 (2.6) 4.3 (2.6) 7.5 (4.5) 6.8 (6.0)
20 mmHg 4.5 (2.6) 4.7 (2.5) 8.2 (5.6) 8 (4.9)
40 mmHg 4.7 (3.8) *5.5 (2.6) +28 % 8.2 (6.9) *8.9 (5.0) +31 %
60 mmHg *5.3 (3.5) +39 % *7.3 (3.8) +70 % 8.7 (6.7) **13.1 (8.0) +93 %
80 mmHg **6.7 (3.8) +76 % **10 (4.3) +133 % **10.8 (5.8) +44 % **14.9 (6.5) +119 %
*Significant to a level of p < 0.05
**Significant to a level of p < 0.001
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Power parameters, dynamic, spontaneous breathing
Flow parameters, dynamic, spontaneous breathing
Pressure parameters, dynamic, spontaneous breathing
Fig. 3 Dynamic parameters during spontaneous breathing. Error bars represent 95 % confidence interval. LBNP: lower body negative pressure
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Power parameters, dynamic, NPPV
Flow parameters, dynamic, NPPV
Pressure parameters, dynamic, NPPV
Fig. 4 Dynamic parameters during non-invasive positive pressure ventilation (NPPV). Error bars represent 95 % confidence intervals. LBNP: lower
body negative pressure
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literature we have found indications of cyclic variation in
peripheral resistance with frequencies up to 0.1 Hz [27].
However, cyclic variation in hemodynamic parameters
matching respiration will have significantly higher
frequencies. We suggest further research of this
phenomenon in intubated and paralyzed subjects.
The ability of dynamic parameters to reflect volume sta-
tus in mechanically ventilated patients and during NPPV
has been demonstrated in previous studies [9, 16]. During
spontaneous breathing the same parameters are less useful,
dynamic flow parameters have however demonstrated an
ability to reflect volume status in some studies [7, 28, 29],
although only passive leg raise and end-expiratory oc-
clusion test have shown convincing results [30, 31].
Our finding that Δ peak aortic flow was the best
dynamic tracker of LBNP supports consideration of
respiratory blood flow variation also in spontaneously
breathing patients.
Non-dynamic parameters
The observations regarding non-dynamic parameters are
in agreement with our second hypothesis, that non-
dynamic PWR parameters could track hypovolemia bet-
ter than equivalent pressure and flow parameters. This is
reasonable since the PWR-integral will incorporate both
reductions in flow and pressure, but the pressure-
reduction was small while the flow-reduction was sub-
stantial. One could imagine that oscillatory/pulsatile en-
ergy would change in hypovolemia [11], and since the
PWR-integral incorporates both mean and oscillatory/
pulsatile energy, it would not necessarily track hypovol-
emia better than SV and pulse pressure. One could also
Table 2 Non-dynamic parameters. Reduction in non-dynamic power, flow and pressure, both during spontaneous breathing and NPPV
Power parameters, non-dynamic
PWRmax (Watt) PWR-integral (Joule) CPO (Watt)
Spontaneous breathing NPPV Spontaneous breathing NPPV Spontaneous breathing NPPV
Mean (sd) Change Mean (sd) Change Mean (sd) Change Mean (sd) Change Mean (sd) Change Mean (sd) Change
Baseline 13.6 (2.8) 13.3 (2.4) 1.03 (0.14) 1.01 (0.16) 0.92 (0.23) 0.95 (0.21)
20 mmHg 13.3 (3.2) **11.8 (3.1) −11 % **0.96 (0.17) −6.9 % **0.84 (0.19) −17 % 0.89 (0.23) **0.81 (0.20) −15 %
40 mmHg **11.6 (3.2) −15 % **10.2 (3.5) −23 % **0.77 (0.19) −25 % **0.66 (0.20) −34 % **0.73 (0.22) −21 % **0.73 (0.25) −23 %
60 mmHg **9.9 (2.8) −27 % **8.8 (3.3) −34 % **0.69 (0.19) −41 % **0.51 (0.19) −50 % **0.71 (0.21) −23 % **0.64 (0.27) −33 %
80 mmHg **7.4 (1.9) −46 % **6.7 (3.0) −50 % **0.42 (0.13) −59 % **0.32 (0.11) −68 % **0.57 (0.15) −38 % **0.48 (0.18) −49 %
Flow parameters, non-dynamic
Aorta maxflow (m/s) Stroke volume (ml) CO (L/min)
Spontaneous breathing NPPV Spontaneous breathing NPPV Spontaneous breathing NPPV
Mean (sd) Change Mean (sd) Change Mean (sd) Change Mean (sd) Change Mean (sd) Change Mean (sd) Change
Baseline 0.88 (0.12) 0.85 (0.15) 83.0 (10.6) 77.9 (13.4) 4.91 (1.08) **4.85 (1.33)
20 mmHg 0.85 (0.15) *0.78 (0.16) −8.2 % *77.3 (12.1) −6.9 % **67.6 (16.4) −13 % 4.74 (1.2) **4.26 (0..99) −12 %
40 mmHg **0.76 (0.18) −14 % **0.66 (0.21) −22 % **63.0 (15.3) −24 % **52.3 (17.6) −33 % **3.93 (1.11) −20 % **3.64 (1.28) −25 %
60 mmHg **0.67 (0.17) −24 % **0.62 (0.18) −27 % **50.7 (14.1) −39 % **44.2 (13.7) −43 % **3.74 (1.08) −24 % **3.48 (1.33) −28 %
80 mmHg **0.55 (0.14) −38 % **0.53 (0.14) −38 % **37.0 (15.5) −55 % **30.4 (11.9) −61 % **3.13 (1.06) −36 % **2.89 (1.01) −40 %
Pressure parameters, non-dynamic
Systolic pressure (mmHg) Pulse pressure (mmHg) MAP (mmHg)
Spontaneous breathing NPPV Spontaneous breathing NPPV Spontaneous breathing NPPV
Mean (sd) Change Mean (sd) Change Mean (sd) Change Mean (sd) Change Mean (sd) Change Mean (sd) Change
Baseline 118 (12.2) 123 (17.3) 59.2 (11.4) 61.5 (10.8) 75.7 (10.1) 80.2 (16.1)
20 mmHg 119 (16.2) 121 (22.2) 59.9 (16.5) 59.7 (15.4) 76.0 (11.7) 78.0 (18.2)
40 mmHg 120 (15.6) 124 (21.6) 58.8 (15.8) *56.1 (18.3) −9 % 76.3 (11.7) 82.1 (18.7)
60 mmHg 115 (13.4) *114 (27.0) −7.3 % **50 (11.7) −16 % **50.2 (19.3) −18 % 77.9 (12.3) 76.8 (21.4)
80 mmHg **108 (−12.6) −8.4 % **98 (27.7) −20 % **44.2 (10.7) −25 % **40.3 (18.1) −34 % 76.5 (13.0) **69.7 (22.8) −13.1 %
*Significant to a level of p < 0.05
**Significant to a level of p < 0.001
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imagine the timing of the peak pressure and peak flow
in each cardiac cycle shifting with hypovolemia. This
would make the calculation of PWRmax unpredictable
with increasing hypovolemia. These speculations are not
supported by our findings.
Clinical application
Evaluating hypovolemia and fluid responsiveness during
spontaneous breathing with Δ peak aortic flow could be
challenging in clinical practice. The cut-off value for hypo-
volemia seems to be around 12 % respiratory variation in
Δ peak aortic flow, which may be difficult to distinguish
from the baseline values of approximately 9 % respiratory
variation using an ultrasound monitor. Of the non-
dynamic parameters the PWR-integral tracks hypovol-
emia slightly better than SV, however considering the
technical complexity in acquiring the PWR-integral
today, SV seems adequate based on these results in
healthy volunteers. If further research shows better
results for power parameters in patient populations, a
relatively small technological adaptation of ultrasound
scanners would be necessary to make power parameter
easily available. For now we would recommend paying
attention to aortic flow and SV with ultrasound where
hypovolemia is suspected, as the information provided
may be valuable combined with other clinical signs of
hypovolemia.
Power parameters, non-dynamic, spontaneous breathing
Flow parameters, non-dynamic, spontaneous breathing
Pressure parameters, non-dynamic, spontaneous breathing
Fig. 5 Non-dynamic hemodynamic parameters during spontaneous breathing. Error bars represent 95 % confidence intervals. LBNP: lower body
negative pressure
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Limitations of the study
The subjects in this study were healthy, young volun-
teers. The usefulness of power parameters could be bet-
ter in older patients, and in patients with illnesses and
conditions affecting the cardiovascular system, where
blood pressure is likely to be more affected by hypovol-
emia. Further studies would be necessary to clarify this.
Blood pressure was measured using Finometer on
the left third finger. A proper cardiac power calcula-
tion should be based on aortic pressure, which would
demand methods too invasive to justify in healthy
volunteers, and probably inapplicable in most clinical
circumstances. Finometer has in many studies shown
good agreement with radial pressure [25, 32]. Al-
though radial pressure produces reliable measures of
diastolic and mean aortic pressure, radial systolic
pressure is often higher than aortic systolic pressure
[33]. We only used time calibration as a transfer
function from radial to aortic pressure, in the magni-
tude of 5–10 milliseconds, so that the systolic up-
strokes in pressure and flow were synchronized
before calculating the power curve. This probably in-
troduced an error compared to cardiac power based
on aortic pressure, as the systolic cardiac power
value based on radial pressure often will result in an
overestimation. As long as radial blood pressure is
the standard for continuous blood pressure measure-
ment in clinical use, it is however most clinically
relevant to base cardiac power measurements on ra-
dial blood pressure.
Power parameters, non-dynamic, NPPV
Flow parameters, non-dynamic, NPPV
Pressure parameters, non-dynamic, NPPV
Fig. 6 Non-dynamic hemodynamic parameters during non-invasive positive pressure ventilation (NPPV). Error bars represent 95 % confidence
intervals. LBNP: lower body negative pressure
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The aortic diameter was assumed to be 20 mm in
every individual as in previous studies involving this
method of cardiac output determination [19]. When
considering absolute values of all flow and cardiac power
related parameters, this will introduce an error. How-
ever, when considering relative changes from baseline
values due to increasing LBNP as in this study, an error
in aortic diameter will not affect the result assuming a
fairly constant diameter [20] in each individual. Simi-
larly, errors introduced by assuming a 20 o angle would
also be insignificant when considering relative changes
due to LBNP, assuming the probe position is relatively
constant in each individual.
This study used the suprasternal window to measure
aortic flow. In clinical use an apical window may be more
appropriate, but this window was obstructed by the
LBNP-chamber in this study. Achieving aortic flow
through the apical window is considered a relatively basic
echocardiographic skill, achievable in most patients [34].
Using volume controlled ventilation in non-sedated
subjects is unusual in clinical practice. All kinds of con-
trolled ventilation in healthy, non-sedated subjects is
challenging. One aim of the study was to compare dy-
namic variables during hypovolemia and positive pres-
sure ventilation. Aortic flow variations and pulse
pressure variations are induced by cyclic changes in in-
trathoracic pressure. These cyclic changes are induced
by positive pressure ventilation and disturbed by any
spontaneous breathing activity, including triggering.
Pressure support would naturally lead to spontaneous
breathing efforts. Pressure control mode (BiPAP) led to
uneven tidal volumes and excessive spontaneous breath-
ing efforts. Volume control (IPPV) yielded constant tidal
volumes and minimized spontaneous breathing efforts.
One possible reason could be that while the tidal vol-
umes are kept constant during IPPV, the mode allows
for variation in the inspiratory pressures required to ob-
tain these volumes. Some subjects could not comply
with controlled ventilation at all, and were not included
in the study. After thorough testing before the experi-
ments, we found volume control mode with relatively
large tidal volumes (10 ml/kg) to minimize spontaneous
breathing activity, which would have interrupted the cyclic
intrathoracic pressure we aimed for. The physiological as-
pect of investigating respiratory variations in positive pres-
sure ventilation with increasing hypovolemia simulated by
LBNP was however achieved, allowing us to compare dif-
ferent dynamic parameters to each other.
The sample size is limited, but comparable to other
LBNP-studies, and we were able to demonstrate several
significant effects indicating sufficient statistical power.
Conclusions
Dynamic power parameters were less able to track hypo-
volemia than dynamic flow- and pressure-parameters both
during spontaneous ventilation and NPPV, seemingly due
Fig. 7 The PWR trace, which is the product of the synchronized aortic flow trace and the blood pressure trace. The arrows indicate that respiratory
variation in aortic flow is 2–3 heart cycles ahead of respiratory variation in blood pressure
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to a previously unknown phase difference between re-
spiratory variations of pressure and flow. The PWR-
integral was the best non-dynamic parameter in track-
ing hypovolemia during both spontaneous breathing
and NPPV in healthy volunteers, however only slightly
better than SV.
Abbreviations
CO, cardiac output; CPO, cardiac power output; HR, heart rate; LBNP, lower
body negative pressure; MAP, mean arterial pressure; NPPV, non-invasive
positive pressure ventilation; Peak aortic flow, maximal aortic flow velocity in
one cardiac cycle; PP, pulse pressure; PWR, cardiac power; PWR-integral,
cardiac power integral; PWRmax, maximal cardiac power in one cardiac cycle;
SBP, systolic blood pressure; SV, stroke volume; Δ peak aortic flow, respiratory
variation in maximal aortic flow velocity; Δ PP, respiratory variation in pulse
pressure; Δ PWR-integral, respiratory variation in cardiac power integral;
Δ PWRmax, respiratory variation in maximal cardiac power; Δ SBP, respiratory
variation in systolic blood pressure; Δ SV, respiratory variation in stroke volume
Funding
Trondheim University Hospital funded salary expenses during the research
project with a total of 250 000 NOK. Raagholtstiftelsen has previously funded
the cardiac power project with 100 000 NOK. The Norwegian Research School
for Medical Imaging has previously funded the cardiac power project with 200
000 NOK. The funding bodies had no role in the design of the study, data
collection, analysis, interpretation of data, or in writing the manuscript.
Availability of data and materials
The SPSS spreadsheet along with all the data files have been made available
at the Open Science Framework website under the project name “Cardiac
power in hypovolemia”.
Authors’ contributions
AER conceived the study, wrote the Matlab code to calculate the
parameters, analyzed and interpreted the data, performed the impedance
analysis, and drafted the manuscript. IKG conceived the study and helped
interpret the data. PA conceived the study. JH, LØH and IH planned and
carried out the experiments and recorded the data. All authors contributed
in the writing process, and approved the final manuscript.
Authors’ information
The lead author AER is a resident physician at Department of Anesthesiology
and Intensive care at Trondheim University Hospital, and also holds a BSc in
applied physics from the Norwegian University of Science and Technology.
IKG and PA are experienced researchers with a clinical background as
thoracic anesthesiologists at Trondheim University Hospital. JH is an
experienced researcher and physiologist at Oslo University Hospital. LØH
and IEH are researchers and anesthesiologists at Oslo University Hospital.
Competing interests
The authors declare that they have no competing interests.
Ethics approval and consent to participate
Approval to reanalyze existing data was given by the Regional Ethics
Committee South East (REK sør-øst 2015/432). Approval of the original
experiment was given in 2009 (REK sør-øst 2009/2180). Written informed
consent to participate and allow publication of results was obtained from 14
healthy volunteers (7 male, 7 female, aged 28 ± 7 years, height 177 ± 10 cm,
and weight 71 ± 13 kg (mean ± SD)). The persons depicted in Fig. 1 have
given their written consent for publication of the images.
Regional Ethics Committee website: (https://helseforskning.etikkom.no/
ikbViewer/page/komiteerogmoter/alle?p_dim=34677&_ikbLanguageCode=us)
Author details
1Department of Anesthesiology and Intensive care, St Olav Trondheim
University Hospital, Trondheim, Norway. 2Department of Circulation and
Medical Imaging, NTNU, Norwegian University of Science and Technology,
Trondheim, Norway. 3Circulation research group Trondheim (CIRCUT),
Trondheim, Norway. 4Norwegian Air Ambulance Foundation, Drøbak,
Norway. 5Department of Anesthesiology, Oslo University Hospital, Oslo,
Norway. 6Faculty of Medicine, University of Oslo, Oslo, Norway. 7Department
of Vascular Medicine, Oslo University Hospital, Oslo, Norway.
Received: 5 December 2015 Accepted: 13 May 2016
References
1. Mohsenin V. Assessment of preload and fluid responsiveness in intensive
care unit. How good are we? J Crit Care. 2015;30(3):567–73. doi:10.1016/j.
jcrc.2015.01.004.
2. Pinsky MR. Functional haemodynamic monitoring. Curr Opin Crit Care. 2014;
20(3):288–93. doi:10.1097/mcc.0000000000000090.
3. Polderman KH, Varon J. Do not drown the patient: appropriate fluid
management in critical illness. Am J Emerg Med. 2015;33(3):448–50.
doi:10.1016/j.ajem.2015.01.051.
4. Cecconi M, De Backer D, Antonelli M, Beale R, Bakker J, Hofer C, et al.
Consensus on circulatory shock and hemodynamic monitoring. Task force
of the European Society of Intensive Care Medicine. Intensive Care Med.
2014;40(12):1795–815. doi:10.1007/s00134-014-3525-z.
5. Navarro LH, Bloomstone JA, Auler Jr JO, Cannesson M, Rocca GD, Gan TJ, et
al. Perioperative fluid therapy: a statement from the international Fluid
Optimization Group. Perioperative Med(London, England). 2015;4:3. doi:10.
1186/s13741-015-0014-z.
6. Teboul JL, Monnet X. Prediction of volume responsiveness in critically ill
patients with spontaneous breathing activity. Curr Opin Crit Care. 2008;
14(3):334–9. doi:10.1097/MCC.0b013e3282fd6e1e.
7. Lanspa MJ, Grissom CK, Hirshberg EL, Jones JP, Brown SM. Applying
dynamic parameters to predict hemodynamic response to volume
expansion in spontaneously breathing patients with septic shock.
Shock(Augusta, Ga). 2013;39(2):155–60. doi:10.1097/SHK.0b013e31827f1c6a.
8. Rimehaug AE, Lyng O, Nordhaug DO, Lovstakken L, Aadahl P, Kirkeby-Garstad I.
Cardiac power integral: a new method for monitoring cardiovascular
performance. Physiol Rep. 2013;1(6):e00159. doi:10.1002/phy2.159.
9. Hoff IE, Hoiseth LO, Hisdal J, Roislien J, Landsverk SA, Kirkeboen KA.
Respiratory variations in pulse pressure reflect central hypovolemia during
noninvasive positive pressure ventilation. Crit Care Res Pract. 2014;2014:
712728. doi:10.1155/2014/712728.
10. Cooke WH, Ryan KL, Convertino VA. Lower body negative pressure as a
model to study progression to acute hemorrhagic shock in humans. J Appl
Physiol(Bethesda, Md : 1985). 2004;96(4):1249–61. doi:10.1152/japplphysiol.
01155.2003.
11. Westerhof N, Stergiopulos N, Noble MIM. Snapshots of Hemodynamics: An
Aid for Clinical Research and Graduate Education. NY, New York, United
States: Springer; 2010.
12. Pinsky MR, Payen D. Functional hemodynamic monitoring. Crit
Care(London, England). 2005;9(6):566–72. doi:10.1186/cc3927.
13. García X, Pinsky MR. Clinical applicability of functional hemodynamic
monitoring. Ann Intensive Care. 2011;1:35. doi:10.1186/2110-5820-1-35.
14. Perel A, Pizov R, Cotev S. Respiratory variations in the arterial pressure during
mechanical ventilation reflect volume status and fluid responsiveness. Intensive
Care Med. 2014;40(6):798–807. doi:10.1007/s00134-014-3285-9.
15. Michard F, Boussat S, Chemla D, Anguel N, Mercat A, Lecarpentier Y, et al.
Relation between respiratory changes in arterial pulse pressure and fluid
responsiveness in septic patients with acute circulatory failure. Am J Respir
Crit Care Med. 2000;162(1):134–8. doi:10.1164/ajrccm.162.1.9903035.
16. Marik PE, Monnet X, Teboul JL. Hemodynamic parameters to guide fluid
therapy. Ann Intensive Care. 2011;1(1):1. doi:10.1186/2110-5820-1-1.
17. Yang X, Du B. Does pulse pressure variation predict fluid responsiveness in
critically ill patients? A systematic review and meta-analysis. Crit
Care(London, England). 2014;18(6):650. doi:10.1186/s13054-014-0650-6.
18. Hisdal J, Toska K, Walloe L. Design of a chamber for lower body negative
pressure with controlled onset rate. Aviat Space Environ Med. 2003;74(8):
874–8.
19. Eriksen M, Walloe L. Improved method for cardiac output determination in
man using ultrasound Doppler technique. Med Biol Eng Comput. 1990;
28(6):555–60.
20. Christie J, Sheldahl LM, Tristani FE, Sagar KB, Ptacin MJ, Wann S. Determination
of stroke volume and cardiac output during exercise: comparison of two-
dimensional and Doppler echocardiography, Fick oximetry, and thermodilution.
Circulation. 1987;76(3):539–47.
Rimehaug et al. BMC Anesthesiology  (2016) 16:31 Page 13 of 14
21. Fincke R, Hochman JS, Lowe AM, Menon V, Slater JN, Webb JG, et al.
Cardiac power is the strongest hemodynamic correlate of mortality in
cardiogenic shock: A report from the SHOCK trial registry. J Am Coll Cardiol.
2004;44(2):340–8.
22. Michard F. Changes in arterial pressure during mechanical ventilation.
Anesthesiology. 2005;103(2):419–28. quiz 49–5.
23. Li W, Ahn AC. Pulsatile hemodynamics of hypertension: systematic review
of aortic input impedance. J Hypertens. 2012;30(8):1493–9. doi:10.1097/HJH.
0b013e328354e81d.
24. Nichols WW. ORMF, Vlachopoulus C. McDonald’s Blood Flow in Arteries. FL,
Boca Raton, United States: CRC Press; 2011.
25. Martina JR, Westerhof BE, van Goudoever J, de Beaumont EM, Truijen J, Kim
YS, et al. Noninvasive continuous arterial blood pressure monitoring with
Nexfin(R). Anesthesiology. 2012;116(5):1092–103. doi:10.1097/ALN.
0b013e31824f94ed.
26. Nichols WW, Conti CR, Walker WE, Milnor WR. Input impedance of the
systemic circulation in man. Circ Res. 1977;40(5):451–8.
27. Zamir M, Goswami R, Liu L, Salmanpour A, Shoemaker JK. Myogenic activity
in autoregulation during low frequency oscillations. Auton Neurosci. 2011;
159(1–2):104–10. doi:10.1016/j.autneu.2010.07.029.
28. Zöllei É, Bertalan V, Németh A, Csábi P, László I, Kaszaki J, et al. Non-invasive
detection of hypovolemia or fluid responsiveness in spontaneously breathing
subjects. BMC Anesthesiol. 2013;13:40. doi:10.1186/1471-2253-13-40.
29. Skulec R, Cermak O, Skalicka H, Kolar J. Variability of aortic blood flow
predicts fluid responsiveness in spontaneously breathing healthy volunteers.
Kardiol Pol. 2009;67(3):265–71.
30. Teboul JL, Monnet X. Detecting volume responsiveness and unresponsiveness
in intensive care unit patients: two different problems, only one solution. Crit
Care(London, England). 2009;13(4):175. doi:10.1186/cc7979.
31. Monnet X, Osman D, Ridel C, Lamia B, Richard C, Teboul JL. Predicting
volume responsiveness by using the end-expiratory occlusion in
mechanically ventilated intensive care unit patients. Crit Care Med. 2009;
37(3):951–6. doi:10.1097/CCM.0b013e3181968fe1.
32. Lansdorp B, Ouweneel D, de Keijzer A, van der Hoeven JG, Lemson J,
Pickkers P. Non-invasive measurement of pulse pressure variation and
systolic pressure variation using a finger cuff corresponds with intra-arterial
measurement. Br J Anaesth. 2011;107(4):540–5. doi:10.1093/bja/aer187.
33. Pauca AL, Wallenhaupt SL, Kon ND, Tucker WY. Does radial artery pressure
accurately reflect aortic pressure? Chest. 1992;102(4):1193–8.
34. De Backer DCB, Slama M, et al. Hemodynamic monitoring using
echocardiography in the critically ill. Heidelberg/Dordrecht/London/New
York: Springer; 2011.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Rimehaug et al. BMC Anesthesiology  (2016) 16:31 Page 14 of 14
